The paper describes and demonstrates an integrated cellular automata evolutionary-based approach for evaluating future scenarios including the expansion of urban drainage networks. The approach can be used to derive a drainage network layout based on future land use scenarios. Two techniques are used to derive the layout of the system: one using agent-based modelling and the other using similar principles built as a set of raster operations within ArcGIS. The tools and models are applied to a case study in Birmingham, UK. The results show that both techniques perform well for carrying out a scoping analysis at an urban scale. The case study shows that the application of the proposed approach for simulating urban growth processes and the consequent expansion of the drainage networks can achieve promising results. The interconnected drainage model for Birmingham shows that future developments will contribute further to flooding problems if no improvements are made to the existing drainage system. The same approach can be used to identify those drainage system elements that require immediate attention and which need to be replaced in order to improve the overall system performance.
INTRODUCTION
The input data can be easily prepared in a GIS (geographic information system) environment using raster processing functions. The CA model can be coupled with GIS and the possibilities range from isolated to loose coupling to tight coupling to full integration. An integrated GIS-CA environment offers quick prototype creation and an attractive means of demonstration. All the results obtained from CA models can be easily presented and explored with GIS.
user to create a terrain and environment in which a set of agents or 'builder' are used to create a city. There are separate agents, each functioning as a builder for a particular type of development, such as residential, commercial, industrial, or park. These agents move through the terrain, grouping patches of land into parcels they are responsible for, or increasing the size of the current buildings. Road builders move through the terrain building roads between the areas, thus increasing the value of the areas and their buildings (see for example Lechner et al. ) . This agent-based model was developed in the Netlogo environment (Wilensky ) . By linking the model with the game SimCity the authors were also able to generate artistic representations of urban landscapes.
Due to data limitations, some researchers have proposed the use of virtual or hypothetical case studies to evaluate different approaches or models. For example, Ghosh et al. () propose a methodology to generate drainage networks artificially based on a dendritic Tokunaga fractal tree algorithm in ArcGIS (ANGel -Artificial Network Generator). This paper presents another new approach to derive the urban drainage network layout by connecting information on land use, topography and other urban infrastructure (e.g. roads). Once the key information from the existing urban system is extracted, the approach combines the use of a CA model of urban growth with an evolutionary optimisation algorithm to explore plausible future scenarios and to derive optimal drainage networks. Since the approach can be used to estimate the future drainage layouts by adopting a future land use map, the new system can be sized and connected to the existing system to evaluate the impact of future expansion on the aging existing infrastructure. This approach is tested on a case study in Birmingham (UK).
The aim of the present research is to develop tools and methodologies that can be used by planners and decision-makers to analyse future scenarios and to foresee bottlenecks and possible rehabilitation strategies.
METHODOLOGY
The process of urban growth has an impact on land cover and the hydrological cycle, due to the use of materials in construction that increase the impermeable areas. Consequently, infiltration and recharge of groundwater generally decreases, while surface runoff volumes and peak flow rates increase. This situation calls for a proper provision of appropriate urban drainage networks. The effects of land use change on the rainfall-runoff process are relatively well understood and documented in the scientific literature, but the reliable estimation of runoff coefficients and parameters that govern runoff is still a challenging task.
The links between the spatial distribution of drainage and other features or characteristics of an urban area have been studied previously, for example, Mair et al. () studied the similarities between roads, water distribution and sewer networks. The authors' concluded that the water distribution network can be generated from the road network. Blumensaat et al. () presented a method to derive a drainage network layout based on the manipulation of the DEM and the street network; data available on the Internet are used to estimate configuration parameters to build a drainage network model. The link between change in land use and change of urban drainage networks has not been sufficiently studied or well documented. This may be due to the lack of appropriate historical records concerning the changes and/or construction done in the networks.
Currently, there are many cities which have poor information on their existing drainage networks. It is often the case that the dimensions of pipes and ancillary structures and even their locations are not well documented. Given the continuous development of cities and their infrastructures, the proper management of the water infrastructure requires on-going investments in terms of the man-power, time, methods and available technologies which can be employed to capture and manage the data effectively.
A regular issue in water infrastructure planning and management is how to extend the network to cope with the growth of new urbanised areas so that the impact on the existing infrastructure is kept to a minimum within an overall budget. Further, since almost every intervention in the existing drainage network may disrupt other urban services and networks, the extension of the drainage network requires careful analysis. One of the main concerns regarding the planning process is the unknown characteristics or state of the system in the future. The use of methods and tools such as agent-based models and CA for land use change can be used to understand the likely future changes in urban areas. These tools make use of spatial datasets that cover the urban area of interest.
Data collection
The application of the developed techniques requires a dataset that involves collection of data for land use/cover from at least two different years in order to determine the changes in different land use classes. Other datasets required include ancillary maps that provide data to explain the process of urbanisation or land use change, such as elevation, slope, boundaries, road network, or other services including gas, electricity and cable television, rivers, water bodies, etc. Depending on the availability of maps showing plans for future housing developments, business and industrial investments, and road expansion, these can be used to assess future scenarios.
Some of the constraints involved in using this modelling paradigm come from the limit on the amount of data required and the type of data. The implementation of satellite and remote sensing techniques has enhanced access to spatial information globally in recent years. Some issues still remain, for example the type of sensors used and the objective of the project are dependent on the time the information was captured and therefore influence the quality of the dataset. Also the classification of land cover/use for agriculture purposes differs from that used for urbanisation. In both cases the built-up area can be identified, but the land use within the built-up area requires ground-truth verification points, for instance, commercial and industrial areas.
Other issues relate to the fact that by using remote sensors the available datasets refer entirely to the physical world. In other words, it is possible to have information about the environment, boundaries and some infrastructure but it is not possible to map the decisions taken by political actors, decision makers, institutions, economists, the business market, etc., all of which can be important in setting the rules that drive urbanisation. The work presented here makes use of information and datasets that are currently freely available on the Internet together with other datasets that are acquired specifically for the case study. 
Models

Land use and spatial analysis
The question about how to derive the connection between land use and the existing urban drainage network is addressed in the present work. The existing urban drainage network at any moment in time is the result of a series of decisions made in the past. These decisions reflect the impact of design rules, policies, the economic budgets, and unplanned actions as a whole. The current state of the drainage infrastructure also reflects the level of knowledge and how advance the society is. In other words, is there a connection between land use and the drainage network apart of the estimation of runoff.
To address this question, we need to carry out a spatial analysis to see if there is a connection between the land use in an urban area and the properties of the urban drainage network.
The first step in this analysis was to focus on larger pipes, pipes with a diameter larger than 400 mm were selected from the drainage network layout. The second step consisted of the creation of 'buffers' or 'rings' around the pipes at every 100 m for a total distance of one kilometre. This task was conveniently done in ArcGis 9.3, and enabled us to explore the proximity of different land use classes to each pipe.
The area of each land use class in every ring was calculated leading to a knowledge of the distribution of land use classes along the main pipes. A similar analysis was carried out on the interception of the main pipes and with the land use classes using the zonal statistics analysis toolbox in ArcGis 9.3. This analysis produced a distribution of the length of pipeline that is intercepted for each land use class.
Layout generator
The development of an urban drainage network requires large investment by the community. Among the many factors that affect construction and operational costs are the diameters, installation depths, slopes, construction and operation of overflow structure and the use of pumping stations. As a basic principle, urban drainage networks are designed to follow the slopes of the natural terrain to make best use of gravity, and to minimise excavation costs and the use of lifting stations. The combination of these variables, the constraints imposed by the topography and the approach to find an optimal solution. In their approach an initial layout is given using the graph theoretical Dijkstra algorithm, and the pipes are then sized. After that the variables of the network are fixed and the layout is optimised using graph theory. The steps are repeated cyclically until the objective function does not change in comparison with a threshold value. A similar approach also using graph theory is described by Diogo & Graveto () , and Haghighi (). In this study we start the optimisation by deriving the initial layout of the network which is then optimised. The idea is to assess the impact of future developments on the existing network. Two approaches to obtaining the initial layout were tested. The first approach uses an agent-based model that simulates distinct raindrops moving over the topography, under gravity.
The second approach enhances the first approach by incorporating the road network as an influence on the direction of the network. The second approach was implemented in ArcGIS 9.3.
Approach 1: agent-based model
Agent-based models are often referred to as emerging paradigm models for which a population of autonomous agents interact to achieve a certain goal (see for example, Batty ). In the present work, an algorithm that simulates rainwater drops as agents was implemented in Netlogo; this is an agent-based platform (Wilensky , ). The agentbased model needs the digital elevation data and the movement rules for the agents. The agents interact locally and will move to a lower elevation from their current locations.
Each raindrop or agent has an elevation as a property. Several agents can be stacked one on another at the same location until there is a sufficient number of them to generate a positive gradient from the location to the nearest minimum neighbouring cell; in which case the agents move to the lower cell thereby tracing the trajectory or direction of flow. The agents are generated manually by the user using with the computer's mouse at particular points of interest derived from the previous step in the buffer analysis.
The points use the most interesting land use clusters to define the position of the main pipes in the drainage network. 'Of interest' are derived from the analysis done in the previous step, basically defining the most interesting land use clusters to position the main pipes of the drainage system. As a result of the simulation an image emerges forming the pattern that describes a flow path. The DTM was used to calculate the slope map of the study area.
The Hausdorff method for the distance between the generated layout and the existing system was used to measure the fitness of the generated layout. The Hausdorff distance is the longest distance between one set of polylines and another (Hangouet )
Cellular automata
As mentioned above, the use of techniques based on CA has been growing over the past 10 years. One of the main reasons for the growth of CA models is the development of remote sensing and GIS techniques that can easily be integrated with a CA model, facilitating the connection between several layers of information, visualisation, processing, and so on (Zhang et al. ).
CA can be described as a discrete dynamic system in which space is divided into regular spatial cells where time progresses in discrete steps. Each cell i [i..N] is defined according to its position in the cellular grid and the size of the neighbourhood considered in the CA. Each cell has one of a finite number of states (i.e. land use classes). The state of each cell is updated according to local rules; that is, the state of a cell at a given time depends on its own state and the states of its neighbours at the previous time step. The CA models can include changes in both space and time (Hegde et al. ) .
In this study, the Dinamica EGO software was used to 
Runoff extractor
The runoff extractor is a tool that was developed by Medina () to enable the user to select the study area and to down- 
Expansion of the drainage network
The design of the conduits for the future expansion of the drainage network was carried out using the framework 
Urban drainage model
The total urban drainage network for the city of Birmingham covers 27 catchments. A part of the network was used in the present case study including two catchments in the Upper Rae Main and Griffins Brook areas in the south west part of the city. The drainage model was originally built for InfoWorks CS. However for this study the data were adapted for EPA SWMM. As the conceptual framework of the two modelling systems is different it was necessary to adjust/calibrate the parameters of the SWMM model to fit the InfoWorks model. For this purpose, the InfoWorks model was assumed to be correct because it had been calibrated earlier against field measurements. The original model consisted of 2,796 sub-catchments and 6,340 conduits. Since the emphasis of the study was on how to expand the drainage network to include future developments, the model was pruned to decrease its complexity.
The pruned network contained pipes with a diameter of 400 mm or larger. The layout of the pruned network is given in Figure 5 . The pruned model contains 1,229 conduits and it was adjusted to reflect the characteristics of the full model.
RESULTS
Land use and urban drainage system
As mentioned above, a corridor analysis was done along the main drainage pipes to derive a connection between the land use and the existing urban drainage 
Deriving the network layout for the existing system
To test the approach an algorithm that simulates the dynamics of drops of rain was implemented in Netlogo.
This agent-based platform uses the same digital elevation model and the points of interest according to the classification of land use and the corridor analysis discussed above. The points of interest were derived as the centroids of clusters with the land use ('residential 1' and 'industrial/ commercial'). The result of this simulation is a pattern that describes a flow path. Figure 9 shows the results of the simulation compared with the existing drainage network.
As can be observed from Figure 9 the algorithm simulating the dynamics of the rain drops can derive the layout of the existing main drainage network reasonably well. This shows that by combining the information on the land use (i.e., the points of interest) and the topography of the area a good approximation can be obtained for the layout of the main pipes of the network. Figure 9 also shows that some areas were not covered by the network. This is due to the fact that there are no land use clusters of interest in these areas and there is a need to find other key information in the dataset that can contribute to filling this gap.
Information regarding land use, topography, slope and the road network, was combined to create a cost-weighted raster in order to improve the layout generator. The costweighted raster is a map that contains a cost factor for each cell; the factor is used in combination with the start (new manholes) and end points (closest existing manhole) and the links between the attraction points. With this map it is possible to identify the least cost path (the one with the minimum total cost) from the starting point to the nearest manhole. When all the centroids of interest have been created and connected to the outfall of the catchment, they are then converted into segment lines and as such they represent the conduits or pipes in the urban drainage network. Similarly, the points created at both ends of the lines represent the manholes. One of the advantages of this approach is that all information is stored in a geo-database and this allows input files for the SWMM model to be created.
This approach can be further extended and used to derive the future layout of the network by using the land use change model as an input.
Urban growth model
The aim of this model is to facilitate the process of understanding the impacts of urbanisation in the case study area. Table 2 provides an indication of the main characteristics of this model.
In order to set up the urban growth model, all the collected datasets and maps were transformed into a raster format. The analysis was carried out using two urban Running the model for a future scenario
The future scenario was calculated using the best par- The generated layouts show that increasing the cell resolution is important to obtain a more detailed layout of the drainage network. Even though the land use model uses a different cell resolution, the spatial location of the likely future expansion of the drainage network is also the same.
To assess the impact of the future land use change on the existing infrastructure, the layout produced with the land use model M1 is used for the purpose of design and interconnection.
Impacts of urbanisation on the existing infrastructure
In order to assess the impact of urbanisation on the existing urban drainage infrastructure, the future layout of the system was analysed. Knowing the spatial position of the future drainage layout, the ArcHydro tools were used to delineate the sub-catchment areas or areas that will naturally drain towards the drainage conduits. The subcatchments were overlayed on the future land use map for the year 2040 to obtain the distribution of land uses. The total area with new developments is 683 Ha and is distributed over 32 sub-catchments. The average percentage Transition rules Probability functions.
Temporal resolution Year (visioning, scenario planning and assessment).
Initial conditions
Derived from maps at a given year (1990, 2000, 2006) .
impervious surface is 0.17% and the estimated average values of the manning n-impervious and n-pervious are 0.002 and 0.38, respectively. The estimated total runoff contribution of the new developments is 20,940 m 3 . Table 3 presents some indicators to assess the performance of each system. Table 3 show that the expansion of the drainage network will increase the total number of locations with flooding to 50 nodes or manholes. Part of the new developments is likely to occur in the area where the system is already in a critical condition (i.e., does not have sufficient capacity) which is highlighted by the total volume of flooding increasing to almost double its original value while the total duration of the flooding does not change significantly. Out of the total volume of runoff that is generated in the new developments (20,940 m 3 ), a great portion (16,906 m 3 ) will not be conveyed by the pipe system and will exacerbate the potential floodrelated problems. This can also be observed in Figure 16 which shows the peak flow at the outfall of the system.
The outfall is at the entrance to the wastewater treatment facility. Figure 16 shows that a significant change in the flow at the outfall pipe for the tail of the event. This shows that it will take longer to reach the average operational condition of the treatment facility. This has implications for the operation of the system as the volume of tanks in the Wastewater Treatment Plant needs to be carefully considered and analysed against CSO (combine sewer overflow) frequencies and volumes in the future.
The total number of surcharged pipes does not change significantly considering the scenario for the year 2040. Table 3 shows that 360 pipes are surcharged in the system. Surcharge is the ratio of the maximum peak flow for this particular event and the full flow capacity of each pipe. This also identifies those pipes in the network that have pressurised flow conditions. Out of all the surcharged pipes, those elements with the largest change (i.e., pipes for which the increase in surcharge capacity is greater than 0.5) were identified.
These pipes are presented in Table 4 .
The identification of these critical conduits is useful information that can be used to evaluate potential rehabilitation strategies for the system. This again can be undertaken as a dynamic optimisation problem (see for example, Sanchez  and Vojinovic et al. ) .
CONCLUSION
This paper presents the results of research to develop an integrated approach for urban water systems analysis that can be used as a planning tool to evaluate future scenarios in urban areas. Traditionally this type of analysis is done using different tools in a fragmented manner.
The method presented in this paper demonstrates that connecting the distribution of land use in an urban area with other urban infrastructure information such as roads, canals, and drainage networks can yield valuable information that can be used to derive the key rules relating the different factors and to obtain a good approximation of the drainage network layout. Two techniques were used to derive the layout of the system, one using agent-based models and the other one using similar tools to build as a set of raster operations within ArcGIS. The approach was tested on a catchment in Birmingham, UK. The results
show that both techniques performed well for a scoping analysis at an urban scale level to derive the main pipes of the drainage network. As anticipated, the quality of the information affects both techniques. In particular, it was found that the cell size of the elevation map plays a major role.
In the case study area it was found that the main collec- increase by 50 and most of the runoff volume that will be generated by the new developments will exacerbate the flood-related problems due to the lack of hydraulic capacity of the existing system. The approach presented in this paper can also be used to identify the critical pipes that require immediate attention for rehabilitation purposes. The same approach can be used to evaluate rehabilitation strategies to improve the performance of the system now and in the future.
